Cellular diversity of the brain is largely attributed to the spatial and temporal heterogeneity of progenitor cells. In mammalian cerebral development, it has been difficult to determine how heterogeneous the neural progenitor cells are, owing to dynamic changes in their nuclear position and gene expression. To address this issue, we systematically analyzed the cDNA profiles of a large number of single progenitor cells at the mid-embryonic stage in mouse. By cluster analysis and in situ hybridization, we have identified a set of genes that distinguishes between the apical and basal progenitors. Despite their relatively homogeneous global gene expression profiles, the apical progenitors exhibit highly variable expression patterns of Notch signaling components, raising the possibility that this causes the heterogeneous division patterns of these cells. Furthermore, we successfully captured the nascent state of basal progenitor cells. These cells are generated shortly after birth from the division of the apical progenitors, and show strong expression of the major Notch ligand delta-like 1, which soon fades away as the cells migrate in the ventricular zone. We also demonstrated that attenuation of Notch signals immediately induces differentiation of apical progenitors into nascent basal progenitors. Thus, a Notch-dependent feedback loop is likely to be in operation to maintain both progenitor populations.
INTRODUCTION
During mammalian cerebral development, neural progenitor cells reside mainly in the ventricular zone (VZ) and the subventricular zone (SVZ). Neocortical progenitor cells are categorized into two distinct cell types based on their mitotic positions (Buchman and Tsai, 2007; Götz and Huttner, 2005; Kriegstein et al., 2006) . The first type is the apical progenitor, which can function as a stem-like undifferentiated progenitor cell. These cells are essentially epithelial with a radial-glial-like morphology, and undergo interkinetic nuclear migration in the elongated cytoplasm and divide at the apical (ventricular) surface (Chenn and McConnell, 1995; Sauer and Walker, 1959; Takahashi et al., 1995) . The second type is the basal progenitor (intermediate progenitor cell). These cells originate as daughters of the apical progenitors and migrate outward to the SVZ, where they undergo terminal mitosis and generate a pair of neurons at the mid-embryonic stage (Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004) .
Although the apical and basal progenitors can be distinguished from each other by several molecular markers and by their mitotic positions (Englund et al., 2005) , the mechanism by which apical progenitors differentiate into basal progenitors and how their populations are controlled during cortical development are unclear. Furthermore, it is not clear whether the apical progenitor cells are composed of distinct populations. Some apical progenitors divide symmetrically, generating two daughters of the same type, but they are also capable of dividing asymmetrically to generate a single neuron and a progenitor cell, or two different types of progenitor cells (Guillemot, 2005; Huttner and Kosodo, 2005) . This heterogeneity in division patterns may depend on differential properties among the apical progenitor cells. Molecular perspectives on progenitor heterogeneity (e.g. Gal et al., 2006; Hartfuss et al., 2001 ) are, thus, essential for studying these fundamental questions regarding neocortical development. However, the highly dynamic migratory behavior of neuronal progenitors during their cell cycle, in addition to possible temporal changes in their gene expression, have made it difficult to approach these issues.
The molecular framework behind the differentiation of progenitors into neurons relies on Notch signaling (Guillemot, 2005; Yoon and Gaiano, 2005) . Although the neural cells expressing Notch ligands, such as Delta [delta-like 1 (Dll1) in mouse], have not been explicitly identified, they are thought to be differentiating neurons. In neural stem cells, activation of the Notch signal induces the bHLH transcription factors, Hes1 and/or Hes5, which in turn repress the expression of proneural genes such as neurogenin 2 (Neurog2), NeuroD (Neurod1) and Ascl1 (Mash1). Proneural genes are transiently expressed in differentiating neurons, and induce expression of a wide spectrum of neuron-specific genes to promote neuronal differentiation. The role of Notch signaling in creating progenitor diversity, however, remains elusive in mammalian neurogenesis.
Here we analyzed the gene expression profiles (Tietjen et al., 2003) of a large number of single, isolated neocortical progenitor cells at the mid-embryonic stage to explore the diversity of neural progenitor cells. We manually picked up single cerebral cells without recourse to a cell sorter. By doing so, we minimized the time needed for single-cell isolation, and thereby also minimized the changes that occur in mRNA expression in cells during the isolation process. Furthermore, an improved single-cell cDNA amplification method (Kurimoto et al., 2006; Kurimoto et al., 2007) enabled us to perform quantitative high-density
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Q-PCR analysis Q-PCR was performed (primers as listed in Table 1 ) against the cDNAs before adding the T7 promoter sequence (the first quality check and examination of marker gene expression; see Table 2 and see Fig. S1 in the supplementary material), and against the second PCR products (the second quality check), using the 7900 Real-Time PCR system (Applied Biosystems) according to the manufacturer's instructions.
Microarray hybridization and data processing cDNA samples were subjected to the One-Cycle Target Labeling procedure for biotin labeling by in vitro transcription (Affymetrix, Santa Clara, CA). The cRNA was subsequently fragmented and hybridized to the GeneChip Mouse Genome 430 2.0 array (Affymetrix), according to the manufacturer's instructions. The microarray image data were processed with a GeneChip Scanner 3000 (Affymetrix) and then analyzed using the Affymetrix Microarray Software 5.0 (MAS5.0) algorithm, and quantile normalization. A total of 76 cDNA samples were subjected to the GeneChip analysis, and after checking the data by a histogram of the expression values, qcAffy (Affymetrix), RNA degradation and RLE/NUSE (affyPLM) (the third quality check), 70 samples were used for further analysis. The linearity between the signal intensity and copy number of the original RNAs was monitored by the expression levels of the amplified added RNAs, and the signal intensity of the added RNAs at >20 copies per cell was proportional to the copy number (see Fig. S2 in the supplementary material), as reported (Kurimoto et al., 2006) .
Data analysis
To identify significantly differentially expressed probe sets across Groups A, B and C (SigABC genes), the GeneChip data were subjected to analysis of variance (ANOVA) (Group A, n=7 samples; Group B, n=15; Group C, n=7) against each probe set on the GeneChip (n=45,037 probe sets). The false discovery rate (FDR) was calculated from the P-values of the ANOVA, and probe sets showing FDR<0.1 were selected as significantly different probe sets (n=114 probe sets) (see Table S1 in the supplementary material). The 'Over-20 copies' probe sets (n=10,493 probe sets) were defined as the probe sets for which at least 1 of 70 samples expressed >20 copies per cell, which was more than the signal level of 909.6 (the median expression level of 'AFFX-PheX-3_at', the probe set for the spiked RNA phe, 20 copies per sample). Since RNAs spiked at 20 copies per cell or more were consistently and proportionally amplified by our method (see Fig. S2 in the supplementary material), we used these Over-20 copies probe sets for the unsupervised clustering analysis. Cluster analysis of the 70 samples was performed using
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AAGCACCCCAATTCCAGGTC GATGACTTGTGTTCTGTGGTCGAG the GeneChip data of the SigABC genes (Fig. 1A) or of the Over-20 copies probe sets (Fig. 1B ). Hierarchical clustering with approximately unbiased (AU) P-values, computed by multiscale bootstrap resampling for assessing the uncertainty in the hierarchical cluster analysis, was performed using the R software package pvclust (Suzuki and Shimodaira, 2006) , with nboot=10,000, distance correlation and complete-linkage cluster analysis. The probe sets with significantly different expression between Cluster I and II/III (n=1440 probe sets, FDR<0.1) were identified by Welch's t-test, and between Cluster I (n=33 samples) and II/III (n=23) against each Over-20 copies probe set (n=10,493 probe sets) and FDR were calculated from the two-tailed P-values using the R software package Q-value (http://genomics.princeton.edu/storeylab/qvalue). Among these significant probe sets (n=1440 probe sets), the top 175 Cluster I genes (log fold-change cut-off <-2.50) and the top 117 Cluster II/III genes (log fold-change cut-off >2.50) were further used for the hierarchical cluster analysis shown in Figs 2 and 4. The value of the log fold-change was obtained by subtracting the mean of logarithmic signal values in Cluster I cells from the mean of logarithmic signal values in Cluster II and III cells.
The probe sets that were significantly differentially expressed between Cluster I and Cluster II/III (n=1440 probe sets) were further analyzed for their functions using Ingenuity Pathway Analysis [(IPA) Ingenuity Systems, Redwood City, CA]. Among the 1440 probe sets, 1400 genes were mapped and 576 were matched in the pathway of the IPA database. These 576 genes were used to look for significant differences among the canonical signaling pathways by IPA.
RNA in situ hybridization
Non-radioactive in situ hybridization of frozen sections of E14 CD1 mouse brain or cultured slices was performed using antisense RNA probes (see Table  S2 in the supplementary material) labeled with digoxigenin (DIG) (Roche, Basel, Switzerland). In some cases, in situ hybridization data were obtained from a website database (GenePaint; http://www.genepaint.org), and in these cases the GenePaint set ID is indicated in the figure (Fig. 3, Fig. 4B ).
Slice culture with DAPT treatment
Coronal slices of dorsolateral forebrain were prepared from E14 CD1 mice as previously described (Miyata et al., 2004) , and cultured in collagen gel in growth medium [DMEM/F12 with B27 (Gibco), N2 (Gibco), 5% FBS, 5% horse serum, 10 ng/ml Fgf2 and 20 ng/ml Egf] with 10 μM DAPT {γ-secretase inhibitor N- [N-(3,5-difluorophenacetyl)-L-alanyl] -S-phenylglycine t-butyl ester} (Sigma) or an equal volume of DMSO (Nacalai), at 36°C with 5% CO 2 and 30% O 2 . After 7 or 20 hours, the slices were fixed in 4% PFA in PBS and used for immunohistochemistry or in situ hybridization as cryosections.
Immunochemistry
Antibodies used for the immunostaining of cryostat sections or fixed cells were: anti-BrdU (mouse IgG, Roche; rat IgG, Abcam), anti-GFP (chick, Aves Labs), anti-cyclin A (rabbit, Santa Cruz), anti-Ki67 (mouse IgG, BD Biosciences; mouse IgG, Novocastra), anti-Tbr2 (rabbit, Abcam), anti-Dll1 (sheep IgG, R&D Systems), anti-PH3 (mouse IgG, Sigma), anti-Vcam1 (rat IgG, BD Pharmingen) and anti-cleaved caspase 3 (rabbit, Cell Signaling). In some cases, the primary antibody was labeled with Alexa488 (Zenon Alexa Fluor Labeling Kit, Molecular Probes) prior to use. Secondary antibodies were conjugated to Alexa488 or Alexa568 (Molecular Probes), Cy3 or Cy5 (Jackson). Nuclei were counterstained with DAPI.
Microarray data
Microarray data are available on the GEO database with accession number GSE10881.
RESULTS

Typical and atypical cortical progenitor cells for marker gene expression
We randomly picked up single cells from the VZ/SVZ of E14 mouse dorsal forebrain, and a total of 102 single-cell cDNA samples, including nine derived from the CP to obtain information from mature neurons, were amplified as described (Kurimoto et al., 2006; Kurimoto et al., 2007) (Table 2) .
Stem-like cells, i.e. undifferentiated neural progenitor cells in the VZ, are considered to express Hes1 and not Neurog2 (Yoon and Gaiano, 2005) . Cells that express high levels of Neurog2 in the VZ are thought to be progenitors that are biased toward neuronal production (Britz et al., 2006) , whereas mature basal progenitors are expected to express SVZ regional markers such as Svet1
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70
A total of 102 single-cell cDNAs were obtained from the mouse E14 cerebral wall and were categorized into five groups (A-E) based on their expression of marker genes (see Fig. S1 in the supplementary material) as determined by Q-PCR, including cell-cycle-related genes (Ki67, cyclin B1, cyclin E1), SVZ regional markers [Svet1, HuB (Elavl2), Epha3] and differentiation-related genes (Hes1, Neurog2, Sox2, Pax6) . A total of 76 samples were subjected to DNA microarray analysis. After a quality check of the microarray data, 70 samples (shown in the right-hand column) were used for further analyses. *These included seven samples that were Neurog2-negative by Q-PCR of the first PCR products, but positive in the GeneChip data of the second PCR products. ‡ These cells were derived from the CP fragments of the cerebral wall, and the others were from the VZ/SVZ fragments. (Tarabykin et al., 2001) , because they exit the VZ to divide into neurons in the SVZ. Thus, as the first step in defining the subclasses of progenitor cells, we examined whether the singlecell cDNAs derived from these 'typical' progenitor cells could be identified in our cDNA samples. We subjected a portion of the samples to quantitative real-time PCR (Q-PCR), to examine the expression levels of twenty marker genes representative of the different cell states (Tables 1, 2 ; see Fig. S1 in the supplementary material).
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In the Q-PCR analysis, we successfully identified cells that showed typical marker gene expression, and classified many of them into five groups (Groups A to E; Table 2 + young neurons, whereas Group E cells were mature neurons from the CP. However, many samples had other expression profiles and could not be assigned to these five groups; we named them 'Group X' cells.
We next subjected the same cDNA samples from all the progenitor groups (Groups A, B, C and X) and from the Group D and E cells to a second amplification step, and applied them to DNA microarrays (GeneChip, Affymetrix) to obtain their genome-wide gene expression profiles. After checking the quality of the microarray data, the results from 70 samples (70 microarrays; Table  2 ) were used for further examination.
Two distinct neural progenitor populations revealed by genome-wide gene expression profiles: Cluster I and Cluster II/III
To examine whether the neural progenitor cells, including the atypical Group X cells, could be classified according to their gene expression profiles, we performed hierarchical clustering of the 70 samples based on the microarray data (Fig. 1A,B) .
First, we selected the set of genes that were differently expressed across typical progenitor groups [Groups A, B, C; named SigABC genes, n=114 probe sets, ANOVA, false discovery rate (FDR) <0.1; see Table S1 in the supplementary material], and performed a cluster analysis of the 70 samples using these probe sets (supervised clustering) (Fig. 1A) . The four 'clusters', Clusters I to IV, were defined essentially based on this dendrogram. Cluster I included all Group A cells (putative undifferentiated progenitor cells) and most of the atypical Group X cells, many of which were Hes1 + Neurog2 + VZ progenitor cells (Table 2) . Cluster II cells were mostly Group B cells, which were Hes1 -Neurog2 + VZ progenitor cells, whereas Cluster III comprised Group C cells (Svet1 + basal progenitors). Cluster IV cells were neurons.
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Development 135 (18) Table S1 in the supplementary material) and (B) 'Over-20 copies' probe sets (probe sets for which at least one of the 70 cDNA samples showed an expression level of >20 copies per cell; n=10493 probe sets). The dendrogram in A defines four clusters. In both dendrograms, each sample name represents one cell, and its color indicates the cluster to which it belongs. The first letter of the name indicates the cell group; for example, A-11L is a Group A cell. The values in red at the branches are AU (approximately unbiased) P-values (%) that indicate how strongly the cluster is supported by the data. For example, for a cluster with an AU P-value >95%, the hypothesis that 'the cluster does not exist' is rejected with a significance level of 5%. The horizontal branch length represents the degree of dissimilarity in gene expression among the samples.
DEVELOPMENT
In the hierarchical clustering diagram (Fig. 1A) , the neural progenitor cells are roughly separated into two distinct populations comprising Cluster I and Cluster II plus III (Cluster II/III). Cluster II/III cells were closest to the Cluster IV neurons, occupying the same large branch, indicating that among the progenitor cells, the Cluster III cells were most closely related to neurons. Cluster I cells, including all the Group A cells, were more distant from neurons than were Cluster II cells, reinforcing our assumption that the VZ progenitor cells in Group A were more undifferentiated than those in Group B.
Since this cluster analysis included information from the categorization determined by Q-PCR, it was 'supervised' by information regarding the position and differentiation of progenitor cells, which we provided. We therefore performed an unsupervised cluster analysis of the 70 samples, in which the clustering was based only on the GeneChip data (Fig. 1B) . In this case, we used all the probe sets that seemed to function in our experiments ('Over-20 copies' probe sets, n=10493, see Materials and methods). The large number of housekeeping genes among the probe sets and the huge dimensions (the probe set number) in the cluster analysis reduced the outcome difference among the samples (represented by the difference in the horizontal branch length in Fig. 1) . Nonetheless, the unbiased clustering yielded essentially the same results as the supervised clustering. As shown in Fig. 1B , the 70 samples were divided into the two populations of neurons and progenitor cells, and the progenitor cell clusters largely corresponded to those defined by the SigABC conditions (Fig. 1A) . This result further supported the division of neural progenitor cells into two distinct populations: Cluster I and Cluster II/III.
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Single-cell gene profiles of progenitors Data from the probe sets that were expressed in Cluster II/III, but not in Cluster I, were used for clustering (n=117 probe sets; Welch's t-test, FDR<0.1, log fold-change cut-off >2.5). Each column indicates one cell, and each row indicates one probe set on the microarray. The expression levels are color-coded from red (high) to black (low). These probe sets were categorized into several groups based on their expression pattern along the clusters: probe sets that showed a typical expression pattern are grouped by color (blue, green or yellow). The in situ hybridization patterns of these genes are shown in Fig. 3 . For the I -II + III + IV -genes (yellow), the log fold-changes from Cluster II to Cluster III cells are also indicated.
Genes representing each cluster show characteristic spatial expression patterns in vivo
To verify the cell-clustering results, we assessed whether the gene expression profiles that represented each cluster reflected the situation in vivo. For this purpose, we selected a set of genes that represented each cluster. When we compared Clusters I and II/III, 1440 among the Over-20 copies probe sets (n=10493) showed a significant difference in expression level (Welch's t-test, FDR<0.1). Of these, 175 were selected as Cluster I genes (log fold-change cutoff <-2.50), and 117 as Cluster II/III genes (log fold-change cut-off >2.50). The microarray data for these gene sets were used for cluster analysis to see whether these genes are further characterized by a dependency of their expression profiles on the four clusters of cells.
First, we focused on the Cluster II/III genes. This class included many neuronal genes (Fig. 2) , suggesting that Cluster II and/or III cells are biased towards the neuronal fate. These genes were clustered according to their signal levels in the 70 individual cells from which the cDNAs were isolated. In these gene clusters, three characteristic patterns of gene expression emerged by aligning cells from Clusters I to IV (Fig. 2) : (1) We next examined the mRNA expression of these genes in E14 mouse brain and compared it with the gene profiling patterns. In situ hybridization revealed their expression in characteristic spatial patterns along the radial axis, which correlated with their expression in the clusters (Fig. 3A-C) . The in situ hybridization signals for the I -II + III + IV -genes was typically split into two separate bands, an upper one in the SVZ and a lower one in a subdomain of the VZ, 20-40 μm away from the apical surface (Fig. 3Ac,d ,h-k,m). For some genes that showed a stronger signal in Cluster II than Cluster III, the lower band was dominant and the upper one was weak or undetectable (Fig. 3Aa,b,f,g,n,o) . By contrast, the in situ hybridization signals for the I -II -III + IV -genes were usually confined to the SVZ (Fig. 3B) , consistent with the Cluster III cells being SVZ basal progenitor cells (Table 2 and Fig. 1 (Fig. 3C) . This was consistent with the Cluster IV cells being neurons.
These results demonstrated that the cell-clustering results based on gene profiling correlated well with the in situ hybridization patterns of the Cluster II/III genes, leading us to conclude that the signals in the lower band in the VZ originated from Cluster II cells, whereas the SVZ signals corresponded to Cluster III cells (the SVZ basal progenitor cells). The Cluster II and Cluster III cells thus share common features in both global gene expression and the in vivo expression of particular genes, although they are assigned to different regions along the radial axis of the brain. The basal progenitor (Cluster III) cells are born at the ventricular surface and migrate
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Development 135 (18) -II  + III  + IV -genes typically exhibited a two-band pattern in the SVZ and part of the VZ (arrows, Ac,d,h,i,j,k,m; see also Bj,r). For some genes, the band in the VZ was dominant (arrowhead, Aa,b,f,g,n,o). In both cases, the VZ signals were 20-40 μm from the apical surface (dotted line). GenePaint set IDs are indicated at the bottom right of some panels. Scale bars: 50 μm.
through the VZ into the SVZ. Thus, our results raise the possibility that the Cluster II cells are the young basal progenitor cells that are migrating through the VZ on their way to the SVZ (see below).
In contrast to the Cluster II/III genes, the same clustering analysis of the Cluster I genes failed to identify subpopulations (Fig. 4A) . The in situ signals of the Cluster I genes were almost all confined to the VZ (Fig. 4B) , with two exceptions, 5730410E15Rik and Dab1 (Fig. 4Bn,o) , which showed in situ hybridization signals in both the VZ and the CP in accordance with their gene expression profiles (Fig. 4A) . Thus, the Cluster I cells most likely represent the apical progenitor cells that undergo interkinetic nuclear movement.
Variable expression of cell-fate determinants in Cluster I cells
In an attempt to find subpopulations of Cluster I cells by different criteria, we tested whether they could be subdivided according to cell-cycle phases. The expression levels of cell-cycle-related genes could coarsely discriminate the cell-cycle stage of some Cluster I cells (see Fig. S3 in the supplementary material), but no correlation was seen with the expression levels of other genes. As an alternative approach, we examined the expression levels of genes that had documented associations with neural progenitor cells (Fig. 5) . One remarkable finding was that Cluster I cells showed highly variable expression of some key molecules that affect progeny fates, including Hes1, Hes5, Neurog2, Ascl1 and Dll1 (Fig. 5C -E and see Figs S4-S6 in the supplementary material), whereas the levels of the other genes tested were relatively homogeneous among the Cluster I cells irrespective of expression levels (see Figs S4, S5 in the supplementary material). It is unlikely that these cell-to-cell variations simply reflect differences in the cell-cycle phase because such variations in gene expression were observed among samples at similar cell-cycle phases (see Fig. S3 in the supplementary material) . In addition, the variations in the expression levels of these genes were not coincident with the global gene expression patterns (Fig.  1) . We noted several characteristic relationships among these determinants. First, there was no correlation in the expression levels of Hes1 and Hes5, which are both thought to be downstream of Notch, within the Cluster I cells (see Figs S4-S6 in the supplementary material), whereas their expression levels did correlate when all the cells from Clusters I to VI were compared. Second, Hes5, Neurog2, Ascl1 and Dll1 were expressed at either a high or a low level in individual Cluster I cells (see Figs S4-S6 in the supplementary material). Although this characteristic pattern of gene expression might partly be explained as an artifact of the 3119 RESEARCH ARTICLE Single-cell gene profiles of progenitors Data from the probe sets that were expressed in Cluster I, but not in Cluster II/III, were used for clustering (n=175 probe sets; Welch's t-test, two-tailed, FDR<0.1 log fold-change cut-off <-2.5). Each column indicates one cell, and each row indicates one probe set on the microarray. The expression levels are colorcoded from red (high) to black (low). Unlike the Cluster II/III genes (see Fig. 2 ), no particular pattern was seen in the Cluster I genes, except for the I + II -III -IV + genes (5730410E15Rik, Dab1). (B) Examples of in situ hybridization of the E14 mouse brain for Cluster I genes. In all cases, signals were seen in the VZ. The 5730410E15Rik and Dab1 genes were expressed in both the VZ and CP (n,o), consistent with the single-cell gene expression profiles (A). GenePaint set IDs are indicated at the bottom right of some panels. amplification procedure, the Cluster I cells could nonetheless be separated into four groups according to the combinations of high or low Hes5, Ascl1 and Dll1 expression (see Fig. S6 in the supplementary material), raising the possibility that the apical progenitors are divided into subgroups by the expression of this subset of genes (see Discussion).
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Cluster II cells are committed basal progenitor cells
Our results revealed that the neocortical progenitor cells at this embryonic stage can be categorized into three distinct populations: Cluster I, II and III cells. In particular, the Cluster I and II/III cells differ considerably from each other in their global gene expression profiles, whereas Cluster II and III cells are closely related, even though Cluster II cells are in the VZ and Cluster III cells in the SVZ. We next sought to clarify the lineage relationships among the three cell populations.
Recent studies have shown that Tbr2 (also known as Eomes) is expressed in the basal progenitors as well as in SVZ neurons (Englund et al., 2005) . Since this gene is one of the markers that reliably distinguishes Clusters I and II among the VZ progenitor cells, we used Tbr2 to follow the lineage of the Cluster II cells in the VZ. By BrdUlabeling experiments, we found that Tbr2 expression is specific to the G1 phase in VZ progenitor cells, and that at least some of them start to express Tbr2 in early G1 phase (see Fig. S7 in the supplementary material). Furthermore, the expression pattern of a stable EGFP marker driven by the Tbr2 promoter (Kwon and Hadjantonakis, 2007) strongly suggested that once the cells express EGFP, they never return to the apical surface (see Fig. S7 in the supplementary material) . This implies that the Cluster II cells in the VZ do not revert to Cluster I (apical progenitor) cells. We therefore infer that the Cluster II cells are young basal progenitor cells that have 'been committed'. This commitment and the concurrent global change in gene expression from Cluster I to Cluster II occur during or before the early G1 phase.
Nascent basal progenitor cells are a major source of Delta signals
To investigate the mechanisms by which basal (including young basal) progenitor cells are generated from the apical progenitor cells, we analyzed components of canonical signaling pathways that were differentially expressed between Cluster I and Cluster II/III cells, using Ingenuity Pathway Analysis (IPA). The Notch signaling pathway was the most significantly different (P=0.0002 by IPA); among 37 Notch signaling genes in this database, nine (Dll1, Dll3, Dtx3, Hes5, Hey1, Mfng, Notch1, Notch2 and Notch3) were included among the 1440 significantly different genes. Although Notch signaling is known to be essential for the maintenance of apical progenitor cells, there has been no detailed analysis at the single-cell level. In Fig. 5A , we summarize the expression of genes of several signaling pathways, including Notch signaling, in single-cell cDNAs. Our gene profiles indicated that the cells strongly expressing Dll1 were mostly Cluster II cells (Fig. 5A,D) . In situ hybridization of Dll1 indicated a zonal expression pattern, which was strongest in the region 20-40 μm away from the apical surface (Fig. 6A,AЈ) , corresponding to that of some Cluster II/III genes (Fig. 3Aa,b,f,g,n,o) . This in situ pattern was consistent with the gene profiles (Fig. 5A ) and the antiDll1 immunoreactivity seen in the apical half of the VZ (Fig. 6C) .
Our findings suggested that young basal progenitor cells are a major source of the Delta signal in vivo, in addition to newborn neurons as previously suggested (Campos et al., 2001) . It has been reported that cells in the E14 cerebral wall that are positive for Dll1 mRNA do not incorporate BrdU and are negative for anti-phosphohistone H3 (PH3), a marker for M-phase cells (Campos et al., 2001 ). This is consistent with our observation suggesting that the Dll1-expressing Cluster II cells were in G1 phase. By contrast, Dll3 was expressed mainly in the ventral forebrain and weakly in the SVZ of the dorsomedial forebrain (Fig. 6B) .
Loss of Notch signaling converts apical progenitor cells to basal progenitor cells via the transient Cluster II state
We next examined the role of Notch signaling in the Cluster I cells directly, by reducing Notch activity with DAPT, a pharmacological inhibitor of γ-secretase (Breunig et al., 2007; Dovey et al., 2001; Nelson et al., 2007) . First, we examined the effect of DAPT on E14 cerebral slice cultures. A 20-hour DAPT treatment did not significantly alter the position or number of Ki67 + (a marker for proliferative cells) cells, but dramatically increased both the ratio of Tbr2 + cells in the Ki67 + progenitor cells (Fig. 6D ,E,J) and the frequency of non-surface PH3 + dividing cells (Fig. 6F,G,K) . Vcam1 was specific for the Cluster I cells in the gene profiles (Fig. 4) and was restricted to the VZ. Vcam1 immunoreactivity was diminished by DAPT treatment (Fig. 6H,I ). Very similar observations were made in cells in monolayer-culture, in which most of the DAPT-treated progenitor cells underwent terminal mitosis (see Fig. S8 in the supplementary material).
We next examined the temporal changes in gene expression that distinguished Clusters II and III: Dll1 was most strongly expressed in Cluster II; Gadd45g showed stronger expression in Cluster II than III; and Svet1 and Sstr2 were expressed in Cluster III (Figs 2, 3) . Treating the slices with DAPT for 7 hours dramatically increased Dll1 and Gadd45g mRNA expression, as compared with the DMSO control (n=7 slices for each) (Fig. 6L,M) . In the 20-hour DAPTtreated slices, this increase in Dll1 expression was not observed, and the Gadd45g expression was weakened (n=6 for DMSO, n=5 for DAPT) (Fig. 6N,O) . By contrast, no alteration in the Svet1 or Sstr2 expression domain was observed in the 7-hour DAPT-treated slices, but their expression did expand in the 20-hour DAPT-treated slices as compared with the control (Fig. 6L-O) . These temporal changes in gene expression are very similar to those we observed in progenitor cells in vivo.
Collectively, these results suggest that the elimination of Notch activity converted the apical progenitor cells to basal progenitor cells via the transient Cluster II state.
DISCUSSION Progenitor subclasses defined by global gene expression patterns
Our gene profiling studies of many single cells (57 progenitor cells and 13 neurons) indicate that the VZ of the mouse E14 cerebrum has only two major subclasses of progenitors, which have distinct global gene expression patterns. One corresponds to the self-renewable apical progenitor cells (Cluster I). The other consists of nascent basal progenitor cells (Cluster II); these cells are in a transient state in the course of differentiating into the SVZ basal progenitor cells (Cluster III). The nascent basal progenitor cells express Dll1, and act to inhibit the differentiation of their neighboring cells, maintaining the population of apical progenitor cells. The two progenitor populations thus constitute a negative-feedback loop, which helps to balance the population of apical progenitor cells and to control the rate of neuronal production (Fig. 6P ). This is a mechanism of the type termed 'lateral inhibition' (Artavanis-Tsakonas et al., 1995) . We also found that cells of the apical progenitor cell population exhibit significant variations in the expression level of the downstream components of the Notch signal.
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In the single-cell cDNA samples, we failed to identify very young neurons in the VZ. mRNA expression alone might be insufficient to distinguish the very early young neurons (in the G0 state) from the young basal progenitor cells (in early G1 phase). If this is the case, some Cluster II cells might differentiate directly into neurons without division.
Signals regulating the diversification of neural progenitor populations
We demonstrated that Notch signaling is crucial for the conversion between the two progenitor populations (Cluster I versus Cluster II/III). Although Notch signaling is known to be crucial for neurogenesis, to date few studies have focused on its role in progenitor diversification (Breunig et al., 2007; Grandbarbe et al., 2003; Yun et al., 2002) . A recent paper, using EGFP as reporter for Cbf1 (Rbpj)-dependent Notch signal transduction, has reported an inheritable difference in Notch signal transduction between two progenitor populations (EGFP-high and EGFP-low or -negative) (Mizutani et al., 2007) . The 'intermediate progenitor cells' defined by EGFP-low/negative expression appear similar to our Cluster II cells in their low level of expression of Hes1, Hes5, , and also in their commitment to the neuronal fate. However, there are also clear differences between the EGFPlow/negative progenitors and our Cluster II cells. First, as Cluster II/III cells undergo terminal mitosis, their progenitor state is transient and cannot therefore be inherited by the daughter cells. Thus, the heritable difference proposed in the study (Mizutani et al., 2007) does not necessarily coincide with the difference between Clusters I and II/III. Second, because of the variable expression levels that we saw in Cluster I cells, these cells might include both subpopulations of the Notch transduction state described by Mizutani et al. If this is the case, the differential expression we observed for the cell-fate determinants (Hes1, Hes5 and Notch receptors) in these cells (Fig. 5 and see Figs S4, S5 in the supplementary material) must be partly heritable. Third, we did not detect any difference in the Cbf1 expression level between Cluster I and Cluster II/III cells, but found a similar degree of variation in its expression level within both Cluster I and Cluster II/III cells (see Figs S4, S5 in the supplementary material) . Therefore, the low-and high-level Cbf1-EGFP-expressing cells do not seem to correlate with the Cluster I and II/III populations, and might instead contain a mixed population of Cluster I and Cluster II/III cells at different ratios, i.e. the different levels of Cbf1-EGFP expression might reflect a mixture of cells of different states of neuronal commitment. Global gene expression profiling of individual EGFP-high cells and EGFPlow/negative cells will distinguish among these possibilities.
We identified many genes that were differentially expressed between the apical progenitor (Cluster I) cells and the basal progenitor (Cluster II/III) cells. Some of these are involved in canonical signaling pathways other than Notch, such as the FGF and Hedgehog pathways, consistent with the findings of previous studies (de la Pompa et al., 1997; Guillemot, 2005; Lien et al., 2006; Vaccarino et al., 1999) . Fig. 5A shows the expression levels of all the FGF genes and FGF receptors included in the Over-20 copies probe sets. Fgfr2 and Fgfr3 were strongly expressed in the apical progenitor cells (see also Fig. 4Bg,r and Fig. 5B ). It is known that JAK-Stat3 signaling acts downstream of Fgf2 to maintain neural progenitor cells, and that Stat3 directly regulates the expression of Dll1 (Yoshimatsu et al., 2006) . Our gene profiles further support the notion that cross-talk among these signaling pathways and Notch signaling plays a role in the diversification of progenitor cells.
Delta-Notch signaling: place and timing
Taking into account anti-Dll1 immunoreactivity (Fig. 6C) , in situ hybridization signal for Dll1 (Fig. 6A,AЈ) and gene profiling data (Fig. 5A) , we conclude that the nascent basal progenitor cells [probably in addition to the young neurons in the VZ, which form directly from the apical progenitor cells (Campos et al., 2001) ] only transiently activate the Notch pathway in neighboring cells through Dll1 expressed on their surface, on the apical side of the VZ in the cerebral cortex (Fig. 6P) . Previous studies have not detected such Dll1 expression in progenitor subpopulations (Mizutani et al., 2007) , probably because this Dll1 activity is highly transient. As previously revealed in slice culture (Konno et al., 2008; Miyata et al., 2004) , the basal progenitors (and young neurons) retain their apical process for a short period just after birth at the apical surface, and then lose it to exit the VZ. This observation, and the presence of high levels of Dll1 signal in the apical half of the VZ, led us to reasonably assert that the apical process is a major subcellular structure that receives the Dll1 signal. If this is the case, a subsequent retraction of the apical process by basal progenitors will result in the exclusion of these cells from receiving Delta signaling, and force them into an irreversible state of differentiation in vivo.
Fate choice of the daughters of apical progenitors
The apical progenitor cells undergo heterogeneous division (Guillemot, 2005; Huttner and Kosodo, 2005) although they are homogeneous regarding global gene expression. It is, therefore, unlikely that the apical progenitors with a distinct pattern of global gene expression generate a particular combination of daughter cells.
Because the nascent basal progenitor cells that express Cluster II genes, such as Dll1, Gadd45g and Hes6, were observed near the apical surface, we infer that selection of the basal progenitor cell fate by daughter cells occurs within a narrow time window (of several hours) during or after the apical division.
Our DAPT experiments suggest that the attenuation of Notch signaling triggers the differentiation of the apical progenitor cells into basal progenitor cells. There are several factors that might affect the Notch signaling level in the daughter cells within such a narrow time window. One is the environment surrounding the cells (including the existence of Dll1-expressing cells) and another is molecular and/or structural differences between the pair of daughter cells, which are intrinsically created by division; this includes the asymmetric segregation of Notch-related molecules, such as Numb (Shen et al., 2002; Zhong et al., 1996) , and/or morphological asymmetry of the daughter cell pair depending on the inheritance of the basal radial process (Buchman and Tsai, 2007; Fishell and Kriegstein, 2003; Miyata et al., 2004) . Intercellular variations in the expression level of determinants might be an additional factor. As we observed, the apical progenitor cells have intercellular variations in the level of downstream determinants of Notch. If such variations exist in the dividing apical progenitor cells, they will be inherited by the daughter cells and are likely to bias their fate choice.
Variations in Notch signaling components among the Cluster I population
Fluctuation in the expression levels of cell-fate determinants downstream of Notch (e.g. Hes1, Hes5 and Neurog2) appeared specific to Cluster I cells ( Fig. 5C and see Figs S4, S5 in the supplementary material). Although this finding might partly result from measurement errors owing to low levels of mRNAs, it is more likely that the observed variations reflect real fluctuations in the expression levels of these genes, as our amplification for mRNAs is reliable (see Fig. S2 in the supplementary material) (Kurimoto et al., 2006; Kurimoto et al., 2007) and the probe sets for Neurog2, Hes1 and Hes5 function well enough to detect differences among the clusters (Fig. 5C and see Figs S4, S5 in the supplementary material). This variation does not correlate with global gene expression patterns that reflect the differentiation versus non-differentiation tendency, implying that the variations among these Cluster I cells are not equivalent to the differences between the Cluster I and Cluster II cells. This fluctuation in gene expression might occur within a single cell over time in vivo, due to transient contacts with surrounding Dll1 sources and/or oscillatory gene expression. Indeed, a recent real-time imaging study revealed that the expression levels of Hes1 and Neurog2 (and Dll1) oscillate in complementary phases in neural progenitor cells (Shimojo et al., 2008) . One inconsistency is that our analysis of the Cluster I cells did not show a clear negative correlation between Hes1 and Neurog2 (Fig. 5C ) unless the Cluster II/III cells were included. This discrepancy might arise from a difference or delay in phase between transcription and translation.
Alternatively, this variation might reflect an actual diversity among the Cluster I cells. We found that the Cluster I cells could be segregated into four discrete groups according to the expression levels of Hes5, Ascl1 and Dll1 (see Fig. S6 in the supplementary  material) . Because of the low-to-intermediate expression levels of these genes and owing to the limited number of individual Cluster I cells, we cannot accurately assess the contribution of measurement errors. Nonetheless, the overall expression levels of these three genes in Cluster I cells appeared to be virtually independent of the Hes1 and Neurog2 expression levels, prompting us to speculate that there are subgroups among the apical progenitors that are defined by 3123 RESEARCH ARTICLE Single-cell gene profiles of progenitors 3124 the differential expression of a limited number of genes. To fully understand the significance of this diversity, it will be important to establish whether the differential expression of these genes in Cluster I cells is inherited by the daughter cells or is merely transient. Time-lapse analyses of GFP-reporter constructs will be useful in addressing this issue. Investigation of these mechanisms will help to elucidate how progenitor divisions are controlled to generate the appropriate numbers and types of daughter cells at the correct time.
